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Canine distemper virus (CDV), a member of the Morbillivirus genus that also includes measles virus,
frequently causes neurologic complications, but the routes and timing of CDV invasion of the central nervous
system (CNS) are poorly understood. To characterize these events, we cloned and sequenced the genome of a
neurovirulent CDV (strain A75/17) and produced an infectious cDNA that expresses the green fluorescent
protein. This virus fully retained its virulence in ferrets: the course and signs of disease were equivalent to
those of the parental isolate. We observed CNS invasion through two distinct pathways: anterogradely via the
olfactory nerve and hematogenously through the choroid plexus and cerebral blood vessels. CNS invasion only
occurred after massive infection of the lymphatic system and spread to the epithelial cells throughout the body.
While at early time points, mostly immune and endothelial cells were infected, the virus later spread to glial
cells and neurons. Together, the results suggest similarities in the timing, target cells, and CNS invasion routes
of CDV, members of the Morbillivirus genus, and even other neurovirulent paramyxoviruses like Nipah and
mumps viruses.

Canine distemper virus (CDV) and the closely related vi-
ruses that infect marine mammals have the highest incidence
of central nervous system (CNS) complications among viruses
of the genus Morbillivirus. Up to 30% of dogs exhibit signs of
neurologic involvement during or after CDV infection, and
most wild carnivores that succumb to CDV have some evi-
dence of CNS infection (8, 18, 20, 38, 51). With 1 in 1,000
cases, the neurovirulent potential of measles virus (MV) is
comparatively lower, but CNS complications remain one of the
main problems associated with MV infections in countries with
an established health care system (32). Because of its relatively
high degree of neurovirulence and the availability of a sensitive
small animal model, CDV is an ideal candidate to characterize
the events involved in morbillivirus neuroinvasion.

All morbilliviruses display a strong lymphotropism, which
correlates with the presence of their principal receptor, the
signaling lymphocytic activation molecule (SLAM, CD150), on
a variety of immune cells (6, 36, 40). In ferrets infected with a
virulent CDV strain, more than 50% of circulating peripheral
blood mononuclear cells (PBMC) contain infectious virus, and
up to 10% of PBMC in MV-infected monkeys are virus posi-
tive (46, 53). Because of these findings and the fact that mor-
billiviruses are highly cell associated, it is thought that the
contact between virus and CNS occurs through infected
PBMC. Previous studies of typical wild-type isolates like strain
A75/17 in dogs further support this theory (38).

At the onset of the symptomatic disease around 14 days after
intranasal inoculation, infected cells are predominantly de-
tected in the perivascular spaces of the CNS, the choroid
plexus, and the ependyma (19, 39). Around 3 weeks after

infection, CDV-positive glial cells and neurons are found in
the white matter, and the beginning of demyelination is ob-
served in these regions (41). The CNS infection peaks 4 to 5
weeks after inoculation, when virus is detected in neurons and
glial cells throughout white and gray matter in a focal fashion
(23, 45, 52). Around 10% of dogs die at this time from acute
encephalitis developing while their immune system fails to
control the infection.

In animals that mount an effective cellular and humoral
immune response, perivascular cuffing and lymphocyte infiltra-
tion of the infected areas occur at the same time as the rash
and other signs of disease recede, and CDV-specific neutral-
izing antibodies are detected in the serum and cerebrospinal
fluid (CSF) (39, 41, 52). This immune response results in virus
clearance from the CNS, but can be accompanied by continued
demyelination, which is ultimately responsible for the devel-
opment of neurological signs in a subset of animals several
weeks after recovery from the acute infection (38, 44).

Despite this body of knowledge, the timing and sequence of
events during the acute phase of morbillivirus CNS invasion
remain unclear, principally because only a fraction of experi-
mentally infected dogs develop acute encephalitis (38, 51) and
the available rodent models require injection of the virus into
the brain to cause infection (10, 22). We have previously es-
tablished a morbillivirus pathogenesis model based on the
study of CDV in ferrets, one of its natural hosts (46, 47).
CDV-infected ferrets develop an acute disease that is usually
lethal within 2 to 5 weeks, and there is little variation between
animals infected with the same strain (37, 47).

To expand our ferret model to the characterization of mor-
billivirus neuroinvasion, we first confirmed the neurovirulent
potential of A75/17 in ferrets. This strain is a typical represen-
tative of canine street isolates that has been extensively char-
acterized in dogs (38). We generated an infectious cDNA
clone of this strain, which corresponded exactly to the se-

* Corresponding author. Mailing address: INRS-Institut Armand-
Frappier, University of Quebec, 531, Boul. des Prairies, Laval, Quebec
H7V 1B7, Canada. Phone: (450) 687-5010. Fax: (450) 686-5305. E-mail:
veronika.vonmessling@iaf.inrs.ca.

9361



quence deposited in GenBank (accession no. AF164967), and
introduced the reporter gene coding for enhanced green fluo-
rescent protein (EGFP) in this cDNA. The resulting virus
facilitated monitoring the CNS invasion routes. We show that
CNS invasion occurs only after extensive spread to epithelia.
We demonstrate anterograde invasion via the olfactory bulb in
addition to the previously characterized hematogenous spread
through the choroid plexus and cerebral blood vessels (19).
This work directly visualizes, for the first time, different stages
of morbillivirus neuroinvasion during the acute disease phase,
providing new insights into the disease progression and cellular
targets.

MATERIALS AND METHODS

Cells and viruses. VerodogSLAMtag cells (47) and 293 cells (ATCC CRL-
1573) were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen,
Burlington, Ontario, Canada) with 5% fetal calf serum (Invitrogen, Burlington,
Ontario, Canada). Zeocin (Invitrogen, Burlington, Ontario, Canada) was added
(1 mg/ml) to the VerodogSLAMtag cells to maintain the constitutive expression
of canine SLAM. All viruses were propagated in VerodogSLAMtag cells. A
lymph node homogenate of a dog experimentally infected with CDV strain
A75/17 was a kind gift of Max Appel.

Construction and recovery of recombinant viruses. To generate an infectious
cDNA clone of the neurovirulent CDV strain A75/17, RNA was isolated directly
from the lymph node homogenate. The cloning strategy was the same as those
used previously for other CDV vaccine and wild-type strains (47). Briefly, the
RNA was reverse transcribed using Superscript II (Invitrogen, Burlington,
Ontario, Canada), and the entire genome was amplified in 10 fragments using
high-fidelity polymerase (Roche Diagnostics, Laval, Quebec, Canada) and sub-
cloned into pCR-TOPO (Invitrogen, Burlington, Ontario, Canada). At least four
clones of each fragment were sequenced to establish a consensus sequence. The
viral cDNA clone was then assembled from fragments corresponding to the
consensus sequence using naturally occurring unique restriction sites, yielding
pA75/17. An EGFP-expressing derivative containing the EGFP open reading
frame in an additional transcription unit between the H and L genes (pA75/
17eH) was obtained following the cloning strategy for 5804PeH (46). The cor-
responding recombinant viruses were recovered as described previously, using an
MVA-T7-based system (48).

Animal infection, grading of clinical signs, and imaging. The animal experi-
ments were carried out as described previously (47). Briefly, unvaccinated male
ferrets (Mustela putorius furo) 16 weeks and older (Marshall Farms, North Rose,
NY) were then infected intranasally with 104 50% tissue culture infectious doses
(TCID50) of the respective virus under general anesthesia (10 mg/kg ketamine,
1 mg/kg midazolam; CDMV, St. Hyacinthe, Quebec, Canada). Following the
infection, animals were monitored daily for signs of disease, and blood was
collected at various time points from the jugular vein under general anesthesia.

A grading system was established to evaluate the severity of clinical signs and
to determine end points for the removal of animals from the study. Animals that
failed to eat for more than48 h, experienced weight loss of 15 to 20%, became
severely dehydrated, developed CNS signs (circling behavior, paralysis, or focal
or generalized seizures), displayed any other important reduction in functional
status (severe pneumonia and/or diarrhea), or became moribund before the end
of the protocol were euthanized with an overdose of pentobarbital (Nembutal;
CDMV, St. Hyacinthe, Quebec, Canada). The Macro-Illumination imaging sys-
tem (Lightools, Encinitas, CA) was used to monitor EGFP expression in organs
(46). All animal experiments were approved by the Institutional Animal Care
and Use Committee of the Experimental Biology Centre of the INRS-Institut
Armand-Frappier.

Lymphocyte proliferation assay and quantification of cell-associated viremia.
A small amount of heparinized whole blood was used directly for a white blood
cell (WBC) count (Unopette; BD Biosciences, Mississauga, Ontario, Canada),
and plasma and PBMC were isolated using Ficoll (GE Healthcare, Baie d’Urfé,
Quebec, Canada) gradient centrifugation. The proliferation activity was deter-
mined using the 5-bromo2�-deoxyuridine (BrdU) cell proliferation assay (Roche
Diagnostics, Laval, Quebec, Canada) according to the manufacturer’s instruc-
tions. Briefly, the PBMC isolated from each animal were split into two duplicates
and either stimulated with 100 �g/ml phytohemagglutinin (PHA; Sigma,
Oakville, Ontario, Canada) or left untreated. The next day, BrdU was added to
a final concentration of 10 �M, and cells were incubated for another 24 h before

they were transferred into black 96-well plates, washed, and fixed at 65°C for 1 h.
BrdU incorporation was detected using a peroxidase-linked anti-BrdU antibody
and revealed with a chemiluminescent substrate. The signal was detected using
a microplate luminescence counter (Luminoskan Ascent, Thermo Electron
Corp., Calgary, Alberta, Canada). The proliferation activity was expressed as a
ratio between stimulated and nonstimulated cells, allowing for comparison of
samples that differ in absolute cell numbers due to the virus-induced leukopenia.

The erythrocytes in EDTA-treated blood were lysed in ACK lysis buffer (150
mM NH4Cl, 10 mM KHCO3, 0.01 mM EDTA, pH 7.2 to 7.4), and the isolated
PBMC were washed once with phosphate-buffered saline (PBS) solution (In-
vitrogen, Burlington, Ontario, Canada) and counted. To quantify the cell-asso-
ciated viremia, quadruplicates of a 10-fold serial dilution of the isolated PBMC
were transferred onto VerodogSLAMtag cells seeded in 96-well plates and
cultivated for 4 days. The cell-associated virus titer was expressed as TCID50 per
106 cells.

Antibodies and staining reagents. Infected T cells were identified immuno-
histochemically using a mouse anti-CD3 antibody, infected endothelial cells
using a mouse anti-von Willebrand factor, and infected glial cells using a rabbit
anti-glial fibrillary acidic protein antiserum (all DAKO Cytomation, Mississauga,
Ontario, Canada). These antibodies recognize a conserved epitope and have
been reported to cross-react with the respective ferret cell type. Neurons were
detected using NeuroTrace 530/615 (Invitrogen, Burlington, Ontario, Canada), a
red fluorescent variant of the Nissl stain. To visualize all cells present in the field
of view, either the nuclear stain 4�,6-diamidino-2-phenylindole (DAPI) or the
actin stain Alexa Fluor 568-phalloidin was used (both Invitrogen, Burlington,
Ontario, Canada).

Staining of tissue sections and microscopic analysis. Animals were euthanized
with an overdose of pentobarbital (CDMV, St. Hyacinthe, Quebec, Canada)
intraperitoneally. Once a deep plane of anesthesia was reached, each animal was
perfused first with 160 ml PBS, followed by 80 ml of 4% paraformaldehyde
(PFA). Tissues were harvested, fixed in 4% PFA for at least 24 h at 4°C, and
stored in PBS. Prior to sectioning, samples were placed in 30% sucrose in PBS
overnight at 4°C, immersed in tissue embedding compound (Triangle Biomedical
Sciences, Durham, NC), and frozen on dry ice for at least 1 h. Serial 10- to 15-�m
sections were cut using a cryostat (Kryostat 1720 digital; Leitz, Midland, Ontario,
Canada) and mounted on Superfrost Plus slides (Fisher Scientific, Whitby,
Ontario, Canada), air dried, and stored at �20°C.

For immunostaining, sections were thawed for 15 min, blocked for 30 min
using normal horse serum (Invitrogen, Burlington, Ontario, Canada) diluted to
1/100 in PBS, and incubated with the respective primary antibody for 60 to 90
min at room temperature. After a 1-h incubation with the appropriate Alexa
Fluor 568-conjugated secondary antibody (Invitrogen, Burlington, Ontario,
Canada), coverslips were mounted in Prolong Gold antifade reagent (Invitrogen,
Burlington, Ontario, Canada) and left to harden overnight at 4°C. Fluorescent
images were captured using either a standard fluorescent microscope or the
confocal laser microscope (MRC 1000; Bio-Rad, Mississauga, Ontario, Canada).

For hematoxylin-and-eosin staining, slides were fixed in 100% MeOH and
rehydrated prior to staining for 5 min in Harris’ hematoxylin solution (EMD
Industries, Gibbstown, NJ). Sections were rinsed in double-distilled H2O, dipped
in an ammonia solution, and counterstained with acidified eosin Y (Sigma-
Aldrich, Oakville, Ontario, Canada). Slides were dehydrated, mounted in Entel-
lan mounting medium (EMD Industries, Gibbstown, NJ), and air dried over-
night.

RESULTS

A75/17 and its EGFP-expressing derivative A75eH are
highly neurovirulent in ferrets. To characterize the mechanism
underlying morbillivirus neurovirulence, we chose CDV strain
A75/17. This virus has been primarily characterized in dogs,
where it causes acute disease including neurological signs in
10% of infected animals (38). In the more sensitive ferret
model, rash signifying the onset of the symptomatic disease
phase started around 10 days postinoculation (d.p.i.) with the
nonrecombinant virus (Fig. 1B, A75/17). All animals subse-
quently developed severe generalized rash, increasing signs of
gastrointestinal and respiratory involvement, and ultimately
circling behavior and seizures suggestive of CNS involvement,
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leading to their sacrifice for humane reasons within 3 to 5
weeks after infection (Fig. 1B, A75/17).

To produce an infectious cDNA of this strain and eventually
insert a reporter gene for easy monitoring of the infection, we
cloned and sequenced the viral genome. We confirmed the
consensus sequence deposited in GenBank with the accession

no. AF164967. We then assembled an infectious clone based
on this consensus sequence and introduced EGFP in an addi-
tional transcription unit between the H and L genes (Fig. 1A),
to directly visualize infected cells and document viral spread as
described previously (46). The corresponding recombinant vi-
rus, named A75eH, elicited equivalent courses of disease (Fig.

FIG. 2. Replication of CDV in different body fluids and the brain. (A) Number of CDV-infected cells or infectious units in PBMC, urine, and
CSF. The cell associated virus titer in the PBMC is expressed as TCID50 per million cells, and the cell-free virus titer in urine and CSF is expressed
as TCID50 per ml. (B to G) Visualization of infection in the brain at the end stage of the disease. (B and C) Ventral view of the brain by (B) normal
light or (C) EGFP fluorescence excitation. Contours are outlined with a white line. (D and E) Dorsal views of the same sample. (F and G) Saggital
cut separating the left and right hemispheres.

FIG. 1. Comparison of the pathogenicity of the parental CDV strain A75/17 and its EGFP expression recombinant derivative A75eH.
(A) Scheme of the A75eH genome with the EGFP open reading frame introduced as an additional transcription unit between the hemagglutinin
(H) and polymerase (L) genes. The genome is shown as a white elongated box. The genes are indicated by the letters N (nucleocapsid), P
(phosphoprotein), M (matrix), F (fusion), H, and L. The additional EGFP-containing transcription unit is represented by a black box and is marked
“eGFP.” (B) Time course of infection of groups of three animals. Each pair of symbols represents one animal. Squares indicate the onset of rash,
and circles indicate the time of euthanasia for humane reasons . (C) Leukocyte number and (D) in vitro proliferation activity of lymphocytes from
these animals. The group (n � 3) infected with A75/17 is represented by gray squares, and the group (n � 3) infected with A75eH is represented
by black circles. Days postinfection are indicated on the x axis, and leukocyte number (leuko.) or proliferation activity is indicated on the y axis.
Dotted lines or broad hatched gray lines indicate threshold levels used for the classification as moderate or severe immunosuppression,
respectively.
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1B, A75eH, right side), indicating that EGFP gene addition
had no attenuating effect. Animals infected with either virus
experienced a 90% loss of WBC in the peripheral blood within
the first week after infection (Fig. 1C) and were unable to
mount a neutralizing antibody response (data not shown).
However, after an initial dramatic drop, the remaining lym-
phocytes recovered some of their ability to proliferate in re-
sponse to nonspecific PHA stimulation (Fig. 1D), correlating
with the prolonged survival compared to animals infected with
the previously used CDV strain 5804P, which succumb to the
disease after 14 days (47).

A75eH causes CNS infection. To determine how the ob-
served neurological signs were related to infection, we mea-
sured virus titer in WBC, urine, and CSF. Cell-associated virus
titers in WBC peaked at 7 d.p.i., followed by a slight drop
towards the end of the infection (Fig. 2A). Cell-free virus was
detected in the urine 7 d.p.i., reaching values similar to those
found in the WBC 14 d.p.i., which correlated with the extensive
spread to epithelia throughout the body during the second
week of the infection (Fig. 2A). In the CSF, cell-free virus was
first detected at 21 d.p.i. and increased steadily until the death
of the animal, indicating a substantial infection in CNS areas
with contact with the CSF (Fig. 2A).

Macroscopic examination of a brain at the time of euthana-
sia revealed multiple EGFP-expressing foci in the brain stem
(Fig. 2B and C) and the surface of the frontal lobes adjacent to
the olfactory bulb (Fig. 2D and E). The median section re-
vealed strong EGFP expression throughout the olfactory bulb

and within the frontal lobes (Fig. 2F and G), while the more
caudal parts of the cerebrum and the cerebellum were negative
(Fig. 2E and G). This pattern was observed in all animals
sacrificed at the end stage of the disease. However, the extent
of the spread correlated with the duration of the infection in
the respective animal; with those surviving for 35 to 40 days
displaying the most widespread EGFP expression, while posi-
tive foci were mainly found in the olfactory bulb and adjacent
cerebrum in those that had to be sacrificed earlier.

Infection of the CNS occurs after spread to epithelia. We
have previously shown that lymphatic organs are the primary
targets during the early stages of CDV spread followed by a
widespread infection of epithelia throughout the body that
coincides with the onset of rash, fever, and gastrointestinal and
respiratory signs (46). To determine the timing of CNS inva-
sion, we sacrificed two to three animals at weekly intervals and
visualized the extent of infection in Peyer’s patches as repre-
sentative of the lymphatic organs, lung for epithelial tissues,
and olfactory bulb as a possible point of CNS entry. The in-
tensity of EGFP expression in Peyer’s patches reached its max-
imum after 1 week (data not shown) and maintained this level
throughout the course of the infection (Fig. 3I to L). Again in
accordance with our previous findings, we detected EGFP ex-
pression in the lung 1 week after inoculation, which was ini-
tially limited to the larger bronchi (Fig. 3E and F) and subse-
quently became increasingly generalized (Fig. 3G and H). The
earliest green foci in the olfactory bulb were revealed 21 d.p.i.
(Fig. 3A to C). At that time, no EGFP signal was found in

FIG. 3. Time course of CDV dissemination in different tissues. Shown are a macroscopic visualization of infection in the olfactory bulb (A to
D), a transverse section of a lung lobe (E to H), and Peyer’s patches (panels I to L). The contours of the organs are outlined by a white line. (A,
E, and I) Normal light photographs of the different tissues from an animal sacrificed at 14 d.p.i. (B, F, and J) Same organs and time point as above
but photographed after EGFP fluorescence excitation. Also shown are the same organs as above from an animal sacrificed at 21 d.p.i. (C, G, and
K) and at the time of euthanasia (D, H, and L), photographed after EGFP fluorescence excitation.
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other regions of the brain, further suggesting that the olfactory
bulb is an important port of entry. A consecutive increase in
EGFP expression in the olfactory bulb and spread to adjacent
parts of the CNS were observed in animals sacrificed at or after
28 d.p.i. (Fig. 3D).

CDV accesses the brain through different pathways. While
our macroscopic analysis highlighted the importance of the
olfactory bulb, previous studies with CDV and MV have iden-
tified the choroid plexus and cerebral blood vessels as likely
origins of morbillivirus neuroinvasion (11, 39). To analyze the
involvement of these structures during different disease stages,
we examined saggital cryosections of the CNS for sites of
EGFP expression. Consistent with our macroscopic findings,
only single green cells with the round morphology typical of
circulating lymphocytes were seen sporadically in the choroid
plexus and in the lumen of capillaries at the onset of clinical
signs around 7 d.p.i. (data not shown). However, the overall
fluorescence did not exceed background levels seen in nonin-
fected controls (Fig. 4A, E, and I), indicating that the intrana-
sal inoculation did not lead to a direct infection of olfactory
neurons. After 2 weeks, coinciding with a high-titer cell-asso-
ciated viremia (Fig. 2A) and the spread to epithelia (Fig. 3F),
infected cells were found in the choroid plexus (Fig. 4B) and
the vicinity of cerebral blood vessels (Fig. 4F). The first EGFP-
positive olfactory nerve fibers were also detected at this time
(Fig. 4J), concomitantly with a massive infection of the respi-
ratory mucosa (Fig. 3F). These findings suggest that the infec-

tion of the brain requires prolonged exposure to infected cells,
regardless of the point of entry.

At 21 d.p.i., when the first macroscopic signal was detected
in the olfactory bulb (Fig. 3C), a majority of olfactory nerve
fibers were infected and spread into the olfactory glomeruli
was observed (Fig. 4K). The simultaneous increase of EGFP-
expressing cells associated with the choroid plexus and blood
vessels (Fig. 4C and G) coincided with the detection of free
virus in the CSF (Fig. 2A). Within the subsequent weeks, the
number of infected cells at the different entry points increased
continuously (Fig. 4D, H, and L). In addition, there was evi-
dence of virus spread to the lining of the ventricles, the pia
mater, and the underlying molecular layer of the cerebral and
cerebellar cortex via the CSF (Fig. 5A and B), invasion of the
brain parenchyma surrounding blood vessels indicative of di-
rect hematogenous dissemination (Fig. 5C), and migration
from the olfactory glomeruli to mitral cells and further towards
the olfactory cortex (Fig. 5D). The only histopathological
change consistently observed in all animals, was a lymphocyte
infiltration in the choroid plexus starting at 14 d.p.i. and per-
sisting until the time of death (Fig. 5E). The brain parenchyma
(Fig. 5F) and olfactory bulb (not shown) rarely showed signs of
inflammation, most likely due to the severe leukopenia and
immunosuppression at this time.

Extensive hematogenous infection of glial cells and neurons
is a late event. To identify the target cells over the course of the
infection, we stained consecutive saggital sections with markers

FIG. 4. Time course of CDV dissemination in the CNS. After macroscopic imaging, PFA-perfused brains were fixed in 4% PFA at 4°C for an
additional 48 h and transferred into 30% sucrose in PBS at 4°C overnight. Four- to 7-mm-thick saggital sections were then immersed in tissue
embedding compound and frozen on dry ice. Ten- to 15-�m cryosections were subsequently analyzed for EGFP expression at a 200-fold
magnification. Positive cells were mainly detected in the choroid plexus (CP; panels A to D), along cerebral blood vessels (CV; panels E to H),
and in the olfactory bulb (OB; panels I to L). Representative regions from animals sacrificed at 7 d.p.i (A, E, and I), 14 d.p.i. (B, F, and J), 21 d.p.i.
(C, G, and K), and 28 d.p.i. (D, H, and L) are shown.
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specific for the different cell types present in the brain. Up to
21 d.p.i., the EGFP-expressing cells detected in the choroid
plexus and those with a round morphology found in the vicinity
of blood vessels were mostly T cells (Fig. 6A, E, and I). Occa-
sionally, infected monocytes or B cells were also found in these
locations (data not shown), consistent with the high-level vire-
mia (Fig. 2A, squares). Capillary endothelial cells were the
only infected nonimmune cells associated with hematogenous
spread consistently detected between 14 and 21 d.p.i. (Fig. 6B,
F, and J). Once the virus had gained access to the ventricles
and pia mater via the CSF around 28 d.p.i., glial cells were the
dominating infected cell type (Fig. 6C, G, and K). At this time,
the first EGFP-positive neurons were also observed: mostly in
close proximity to infected glial cells (Fig. 6D, H, and L).
Consistent with CSF-mediated dissemination, infected epithe-
lial cells were detected in the dura mater and the choroid
plexus (data not shown).

The olfactory bulb is a main point of CDV CNS entry. In
contrast to many other respiratory viruses with neurovirulent
potential (2, 4), direct CNS entry via the olfactory bulb was not
considered a major infection route for morbilliviruses. How-
ever, in our study, olfactory nerves were infected as early as
14 d.p.i. (Fig. 4J), and the olfactory bulb was the first location
of macroscopic EGFP expression (Fig. 3C). We were able to
follow this CNS invasion pathway microscopically from the
neurons located in the olfactory mucosa, along the olfactory
nerve filaments passing through the cribriform plate, and into
the olfactory glomeruli, which constitute the synapse between
olfactory nerve fibers and mitral cells.

At 14 d.p.i., infected cells were detected throughout the
olfactory mucosa in cryosections stained with the neuronal cell
body-specific Nissl stain (Fig. 7A, yellow cells), indicating that

these cells were infected at the same time as the surrounding
mucosal epithelial cells. The green staining seen at the rostral
margin of the olfactory bulb at this time (Fig. 4J) represents
multiple individual olfactory nerve filaments (Fig. 7B, counter-
stained with an actin marker). The detection of infected mitral
cells as early as 21 d.p.i. (Fig. 7C, green cell, counterstained
with an actin marker) indicates that the virus is transmitted
across neuronal synapses and thus has the potential to spread
anterogradely to deeper CNS structures.

DISCUSSION

Neurovirulent distemper in ferrets and dogs. Ferrets are
exquisitely sensitive to CDV and usually succumb to the infec-
tion without ever developing an effective immune response
(47). Taking advantage of EGFP-expressing 5804P-derived vi-
ruses, we previously demonstrated massive infection of lym-
phatic organs and the resulting dramatic depletion of circulat-
ing lymphocytes during the initial disease phases. At 7 d.p.i.,
most of the remaining circulating lymphocytes are infected,
setting the stage for the invasion of epithelial tissues, including
the upper and lower respiratory tract (46). Here we operated
with the neurovirulent strain A75eH, which does not kill in-
fected animals within 2 weeks and therefore allows us to mon-
itor subsequent disease phases, including neuroinvasion. We
report the detection of first positive cells in the CNS around 2
weeks p.i., coinciding with widespread epithelial infection. This
timing indicates that CNS invasion occurs only after extensive
spread through lymphatic and epithelial tissues rather than
directly as a consequence of the intranasal route of infection as
has been reported for primary neurotropic viruses (28). The
localization of infected cells in the olfactory nerves, the cho-

FIG. 5. CDV spread and histopathological changes in the CNS at advanced disease stages. Shown is microscopic analysis of cryosections stained
blue with DAPI to visualize cell nuclei at a 400-fold magnification (A to D) or stained with hematoxylin and eosin at a 200-fold magnification (E
and F). (A) Pia mater, (B) parenchyma bordering a blood vessel in the cerebellum, (C) ependyma bordering a ventricle, and (D) olfactory bulb.
(E) Choroid plexus and (F) parenchyma of the frontal lobe from an animal sacrificed at 28 d.p.i.
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roid plexus, and the vicinity of blood vessels furthermore re-
flects two distinct routes of invasion: anterogradely via the
olfactory nerves and hematogenously through infected circu-
lating lymphocytes.

The course of CDV in dogs initially follows the same pat-
tern, including the infection of cells in locations consistent with
hematogenous invasion (31). However, neutralizing antibodies
are detected in up to 90% of the animals 2 to 3 weeks p.i.,
indicating the onset of an effective antiviral immune response
that controls and then eliminates the infection and coincides
with resolution of the disease signs (31, 39, 41). In the CNS, an
inflammatory process characterized by lymphocyte invasion is
observed, which results in a chronic demyelinating disease in
10 to 30% of the animals (52). In ferrets and the subset of dogs
that fail to mount an immune response, the virus continues its
spread through the brain, ultimately establishing a widespread
infection of different CNS cell types (39, 45). In ferrets, we
observed that this spread occurs, depending on the port of

entry, either from the outer layers into the parenchyma or
anterogradely from the olfactory nerve through the mitral cells
further along the olfactory signaling route. Given the other
similarities in the course of disease in ferrets and dogs, entry
through the olfactory bulb may occur in dogs as well.

CDV neurovirulence in ferrets as morbillivirus neuroinva-
sion model. The incidence of CNS invasion associated with
morbillivirus infection varies among the different family mem-
bers. CDV and the viruses that infect marine mammals fre-
quently cause CNS complications, while rinderpest and peste
des petits ruminants viruses generally do not affect the brain
(7). Measles virus holds an intermediate position, as it causes
several distinct but relatively rare CNS diseases. Among those,
postinfectious encephalomyelitis occurs in 1 in 1,000 cases
within weeks of acute measles, but the extent of viral replica-
tion seems minor and the pathology is immune mediated (14,
32). On the other hand, extensive viral replication was docu-
mented in the context of a rare fatal course of the acute disease

FIG. 6. Identification of cells infected through hematogenous spread. Shown is confocal microscopic analysis of cryosections stained with
antibodies against different cellular markers at a 1,000-fold magnification. (A to D) CDV-infected cells; (E to H) respective cellular markers,
visualized with an Alexa Fluor 568-labeled secondary antibody; and (I to L) composite image of the two colors. (A, E, and I) Infected T cells in
the choroid plexus and (B, F, and J) endothelial cells in a cerebral capillary at 14 d.p.i. identified with a mouse anti-CD3 or anti-von Willebrand
factor antibody, respectively. (C, G, and K) Infected glial cells and (D, H, and L) neurons at 28 d.p.i. visualized with a rabbit anti-glial fibrillary
acidic protein polyclonal antiserum or the 530/615 NeuroTrace Nissl stain, respectively. Examples of double-positive cells are indicated by white
triangles. The partial overlap of red and green signals seen in some cases is due to the fact that most of the antibodies recognize proteins located
in the cell membrane while EGFP is expressed in the cytoplasm.
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(24, 30), and two chronic manifestations, measles inclusion
body encephalitis and subacute sclerosing panencephalitis
(SSPE) (5). The former occurs between 2 and 6 months after
acute infection and is limited to individuals with an innate
immune defect resulting in an inability to clear the virus during
acute infection and subsequent persistence in the CNS (16,
32). A similar disease form, known as old dog encephalitis, is
also observed for CDV, where it occurs more frequently (3).
All chronic manifestations of morbillivirus CNS infections are
inevitably fatal and characterized by massive and widespread
infection of neurons (25).

While the significance of our observations for the pathogenic
mechanisms underlying SSPE and old dog encephalitis re-
mains to be explored, hematogenous invasion has been de-
duced from histological analysis of brain sections of measles
patients who died from acute encephalitis and the histopatho-
logical analyses of marine mammals that succumbed to mor-
billivirus infections (9, 11, 21, 30). In addition, the dissemina-
tion pattern documented in the later infection stages in ferrets
strongly resembles that of fatal measles in individuals that are
unable to combat the infection (13, 24). This link between the
extent of spread and the ability of the host’s immune response
to control the infection is also apparent in studies in immuno-
competent and immunosuppressed mice (26, 42). In summary,
our findings suggest that CDV neuroinvasion in ferrets reflects
the events occurring in the context of other morbillivirus in-
fections.

Mechanisms of CNS entry by Paramyxoviridae. This study
shows remarkable parallels between CDV entry into the CNS
of ferrets and the mechanisms of brain invasion by other
Paramyxoviridae. Several paramyxoviruses with neurovirulent
potential, including morbilliviruses, mumps virus, and New-
castle disease virus, efficiently infect circulating lymphocytes,
resulting in a cell-associated viremia that lasts throughout the
symptomatic disease phase (32, 34, 50). This provides ample
opportunity for infected lymphocytes to traffic through the
blood-brain and blood-choroid plexus barrier and locally re-
lease virus, starting infection of resident epithelial and endo-
thelial cells (12, 15). Consistent with this hematogenous route

of CNS invasion, infected cells are usually first detected in the
choroid plexus and in close association with cerebral blood
vessels (34, 39). Once inside the CSF, the viruses may invade
the different membranes surrounding the CNS, the ependyma,
and the superficial lining of the cerebral cortex (34, 49), fol-
lowed by infection of neurons and glia cells in close proximity
and subsequent spread into deeper layers (19, 26, 29). Taken
together, these observations suggest that paramyxoviruses use
classical hematogenous CNS invasion pathways described for
several other neurotropic viruses (17, 33).

In addition to hematogenous CNS invasion, entry via the
olfactory bulb has been demonstrated for Sendai, La Piedad
Michoacan, and, more recently, Nipah viruses, all of which also
cause massive respiratory epithelial infection (1, 27, 49). In the
olfactory mucosa, which lines the roof of the nasal cavity, the
dendrites of mature olfactory receptor neurons and these res-
piratory epithelial cells reside in close proximity, and easy virus
transition between the different cell types is conceivable. Since
the axons of the bipolar olfactory receptor neurons enter the
olfactory bulb by passing through the cribriform plate, these
neurons, once infected, provide direct access to the CNS. The
axons synapse in the olfactory glomeruli with the dendrites of
mitral cells, the corresponding second order neurons, which in
turn project further to the deeper olfactory and limbic systems,
thus providing a rapid way of accessing these regions for vi-
ruses capable of crossing the synaptic space (35). This pathway
is used by various neurotropic viruses (28), and the capacity to
move transcellularly across either dendrodendritic or axonal
synapses has been identified as an important neurovirulence
determinant (43). Our findings add to the mounting evidence
that entry via the olfactory bulb and spread along the olfactory
signaling route are common among paramyxoviruses and
should be considered alongside the classical hematogenous
entry pathway.
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